Anthrax toxin, a major virulence factor of Bacillus anthracis, gains entry into target cells by binding to either of 2 von Willebrand factor A domain-containing proteins, tumor endothelium marker-8 (TEM8) and capillary morphogenesis protein-2 (CMG2). The wide tissue expression of TEM8 and CMG2 suggest that both receptors could play a role in anthrax pathogenesis. To explore the roles of TEM8 and CMG2 in normal physiology, as well as in anthrax pathogenesis, we generated TEM8-and CMG2-null mice and TEM8/ CMG2 double-null mice by deleting TEM8 and CMG2 transmembrane domains. TEM8 and CMG2 were found to be dispensable for mouse development and life, but both are essential in female reproduction in mice. We found that the lethality of anthrax toxin for mice is mostly mediated by CMG2 and that TEM8 plays only a minor role. This is likely because anthrax toxin has approximately 11-fold higher affinity for CMG2 than for TEM8. Finally, the CMG2-null mice are also shown to be highly resistant to B. anthracis spore infection, attesting to the importance of both anthrax toxin and CMG2 in anthrax infections.
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B
acillus anthracis is a Gram-positive, rod-shaped, sporeforming bacterium, and the causative agent of anthrax. Anthrax toxin is the major virulence factor for this organism and responsible for its lethal effects in the host. Although treatment with antibiotics to eliminate the bacteria can be life-saving at the earlier stages of anthrax disease, once enough toxin has been produced, the disease is often lethal despite treatment. Thus, countermeasures that block toxin or limit its effects are essential at later stages of disease (1) . Therefore, a detailed understanding of the interaction between anthrax toxin and the host is needed as a basis for developing improved interventions.
Anthrax toxin is a 3-part toxin consisting of protective antigen (PA, 83 kDa), edema factor (EF, 90 kDa), and lethal factor (LF, 89 kDa) (2) (3) (4) . These 3 proteins are individually nontoxic, but can assemble on the cell surface to form toxic complexes. To intoxicate host mammalian cells, PA binds to its cellular receptors, tumor endothelium marker-8 [TEM8, also named anthrax toxin receptor 1 (ANTXR1)] and capillary morphogenesis protein-2 [CMG2, also named anthrax toxin receptor 2 (ANTXR2)] (5, 6) with the involvement of a coreceptor LRP6 (7, 8) and is then proteolytically processed to the active form, cell-surface bound PA63. PA63 spontaneously oligomerizes to form a heptamer that binds and delivers LF and EF into the cytosol. EF, which combines with PA to form edema toxin (ET), is a calmodulin-dependent adenylate cyclase that elevates intracellular cAMP levels, thereby causing diverse effects including impairment of phagocytosis and death of experimental animals (9, 10) . LF, which combines with PA to form lethal toxin (LT), is a zinc-dependent metalloproteinase that cleaves and inactivates the mitogen-activated protein kinase kinases (MEKs) 1-4, 6, and 7 (11) (12) (13) , blocking the ERK, p38, and Jun N terminus kinase (JNK) pathways (14) . LT causes a range of effects on cellular functions and is lethal in several experimental animal models (15, 16) . TEM8 and CMG2 are the 2 known anthrax toxin receptors. Each is produced having a signal peptide, a single extracellular von Willebrand factor A (VWA) domain, a single-pass transmembrane region (TM) for plasma membrane anchoring and a cytosolic tail that may be involved in cytoskeleton interactions (17) . TEM8 and CMG2 share 60% identity in their VWA domains essential for PA binding and a lower degree of similarity in other regions. The physiological functions of these 2 proteins remain unknown. TEM8 was initially identified as a tumor endothelium marker that is up-regulated in human colorectal cancer endothelium (18) , suggesting it as a candidate for tumor targeting. Recently, mutations within CMG2 have been identified as causing 2 rare human autosomal recessive conditions, juvenile hyaline fibromatosis (JHF) and infantile systemic hyalinosis (ISH) (19, 20) . The wide tissue expression of TEM8 and CMG2 suggest that both receptors could play a role in anthrax pathogenesis (5, 6) . A previous study showed that a CMG2-specific PA mutant was able to mediate LT killing of rats, although with lower potency than WT PA (21) . However, convincing and definitive information on the roles of CMG2 and TEM8 in anthrax pathogenesis are not available. To explore these issues, we generated TEM8-and CMG2-null mice by deleting TEM8 and CMG2 TM regions. We found that both TEM8 and CMG2-null mice are viable and that CMG2 is the major anthrax toxin receptor in mediating lethality in vivo, whereas TEM8 only plays a minor role in anthrax toxin pathogenesis.
Results

Generation of Transmembrane Domain Deleted-TEM8 and -CMG2
Mice. CMG2 and TEM8 are large genes, spanning 80 kb and 190 kb, respectively, in the mouse genome, making it difficult to delete the whole genes in gene-targeting. CMG2 and TEM8 are anchored on the cell surface by single-pass TM domains that are essential to their biological functions (22, 23) . Furthermore, mutations in the TM region of CMG2 are frequently found in JHF and ISH patients (19, 20) . In this report, gene targeting vectors were used to delete the TM domains and thereby inactivate the receptors in mice. The receptors could also be targeted by deletion of an exon in the VWA domains but such an approach could lead to concerns that an altered receptor might still interact with the coreceptor LRP6 or other unidentified cell surface cofactors and thereby exert a dominant negative effect. The CMG2-targeting vector was designed to introduce LoxP sites into introns 11 and 12 of the CMG2 locus, This article is a PNAS Direct Submission. so as to flank exon 12, which encodes the CMG2 TM region (Fig.  S1 A) . One of the resulting ES cell clones was used to generate chimeric mice, and germ line transmission was achieved (termed CMG2 f lp/ϩ mice). The CMG2 f lp/ϩ mice were crossed with either ACTB-Fple transgenic mice (which contain the Saccharomyces cerevisiae Fple recombinase gene under the direction of the human ␤-actin gene promoter) to remove the Neo cassette by excisional recombination of Flp/FRT system (CMG2 f lox/ϩ ), or ACTB-Cre transgenic mice to generate heterozygous mice deleted for the CMG2 TM region (CMG2 ϩ/Ϫ ) ( Fig. S1 A and B) . The CMG2 f lox/ϩ mice could be used to generate tissue-specific CMG2 TM deleted mice when needed (Fig. S1C) . We used a similar strategy to target the TEM8 gene. In this case, we introduced LoxP sites into TEM8 introns 12 and 13 to flank exon 13, which encodes the TEM8 TM region (Fig. S2) .
Both CMG2 ϩ/Ϫ and TEM8 ϩ/Ϫ mice were fertile and phenotypically normal. To generate CMG2 Ϫ/Ϫ and TEM8 Ϫ/Ϫ mice, the CMG2 ϩ/Ϫ and TEM8 ϩ/Ϫ mice were intercrossed respectively. Genotyping of offspring from these breedings revealed that both CMG2 Ϫ/Ϫ and TEM8 Ϫ/Ϫ mice were viable and could survive to adulthood with genotype frequencies matching the expected Mendelian ratio (Table S1) . Surprisingly, CMG2 Ϫ/Ϫ mice did not display any apparent phenotype, which was in contrast to the human JHF and ISH syndromes caused by many different CMG2 mutations. However, we found that most TEM8 Ϫ/Ϫ mice progressively developed misaligned incisor teeth from weaning age (3-weeks-old) to 3-months-old that could be rescued by feeding soft food (Nutra-Gel from Bio-Serv). In the course of breeding the knockout mice over a 5 month period, we found that homozygous matings of TEM8 Ϫ/Ϫ ϫ TEM8 Ϫ/Ϫ and CMG2 Ϫ/Ϫ ϫ CMG2 Ϫ/Ϫ did not yield any pups from 6 and 8 pairs of breeders, respectively (Table S2 ). To determine which gender was responsible for the fertility problems, both genders of TEM8 Ϫ/Ϫ and CMG2 Ϫ/Ϫ mice were intercrossed with TEM8 ϩ/Ϫ and CMG2 ϩ/Ϫ mice, respectively. The male TEM8 Ϫ/Ϫ and CMG2 Ϫ/Ϫ mice reproduced normally when crossed with heterozygous females, whereas both the TEM8 Ϫ/Ϫ and CMG2 Ϫ/Ϫ female mice were infertile (Table S2) . Thus, both TEM8 and CMG2 have a nonredundant essential function in female reproduction in mice. The mechanisms underlying the effects of TEM8 and CMG2 on reproduction are subjects of additional study in our lab and will not be discussed here.
To evaluate the tissue expression of CMG2 and TEM8, we performed reverse transcription (RT)-PCR analyses to amplify CMG2 and TEM8 cDNA fragments covering the TM regions from various mouse tissues ( Fig. S1C and S2C ). CMG2 and TEM8 could be readily detected in all tissues tested by RT-PCR, including brain, heart, spleen, liver, lung, kidney, adrenal gland, and thymus, demonstrating that CMG2 and TEM8 are widely expressed in mice. We further confirmed the ubiquitous expression of CMG2 and TEM8 in mice by real-time RT-PCR analyses (Fig. S1D ).
TM-Deleted TEM8 and CMG2 Cannot Function as Anthrax Toxin Receptors.
To ascertain that the TM-deleted TEM8 and CMG2 proteins are null mutants and cannot act as anthrax toxin receptors, we generated double heterozygous TEM8 ϩ/Ϫ CMG2 ϩ/Ϫ mice, and isolated mouse embryonic fibroblasts (MEFs) with various TEM8 and CMG2 genotypes from the double heterozygous intercrosses. MEFs having the various resulting genotypes, including
, and WT were treated with varying concentrations of PA in the presence of FP59 (100 ng/mL). FP59 is a fusion protein of LF amino acids 1-254 and the catalytic domain of Pseudomonas aeruginosa exotoxin A (24) that kills cells by ADP-ribosylation and thus inactivation of EF-2 after delivery to cytosol by PA. The EC 50 s of TEM8 Ϫ/Ϫ MEFs and CMG2 Ϫ/Ϫ MEFs to PA (PA concentrations needed to kill 50% of the cells in the presence of FP59) were 2.7 ng/mL and 12 ng/mL, respectively, compared to 1.8 ng/mL of WT cells ( Fig. 1A and Table S3 ), indicating that CMG2 has higher activity than TEM8 as an anthrax toxin receptor in MEFs. Remarkably, however, Binding and processing of PA on MEFs with various genotypes. Cells were incubated with 1 g/mL PA or 1 g/mL PA-3M in the presence of 1 g/mL LF at either 4°C for 4 h or 37°C for 2 h. Cells were washed, lysed, and cell lysates subjected to Western blotting using either a PA antiserum or a MEK3 antibody. LF cleaved MEK3 is indicted by red arrows. Nonspecific cross-reactive bands indicated by the arrow heads at the left of the images serve as protein loading controls. Fig. 1 A) , even when the cells were treated with high concentrations of PA and FP59 (up to 5000 ng/mL PA in the presence of 1000 ng/mL FP59) for 48 h (Fig. S3A) .
FP59 (
NH 4 Cl (ammonium chloride), a lysosomotropic amine that can partially neutralize the low pH of endosomes, completely protected TEM8 Ϫ/Ϫ MEFs (which were using CMG2 as the toxin receptor) but only partially protected CMG2 Ϫ/Ϫ MEFs (which were using TEM8 as the receptor, Fig. 1 A) . We further performed binding and internalization assays on MEFs incubated with PA ϩ LF at 4°C and 37°C. Since receptor-mediated endocytosis does not occur at 4°C, PA species detected in cell lysates from 4°C incubations represent cell-surface bound species. We found that the TEM8 Ϫ/Ϫ CMG2 Ϫ/Ϫ MEFs bound much less PA at 4°C than WT cells and the cells having either the TEM8 or CMG2 mutations (Fig. 1B) . The residual PA binding on TEM8 Ϫ/Ϫ CMG2 Ϫ/Ϫ MEFs may be mediated by the TMdeleted forms of TEM8 and CMG2, which may be transiently associated with the cell surface during secretion, possibly by association with LRP6 (7, 8) , or by other unidentified VWA proteins that can bind PA but cannot mediate toxin internalization. At 37°C the WT cells and the cells with either the TEM8 or CMG2 mutations bound and proteolytically processed PA to the PA63 heptamer, which was then internalized into endocytic vesicles to form the characteristic SDS/heat-resistant heptamer, resulting in LF delivery to the cytosol and MEK3 cleavage (Fig.  1B) . In contrast, TEM8 Ϫ/Ϫ CMG2 Ϫ/Ϫ MEFs could not mediate heptamer formation and MEK3 cleavage by LF (Fig. 1B and Fig.  S3B ). Interestingly, although less LF was internalized by CMG2 Ϫ/Ϫ MEFs than by TEM8 Ϫ/Ϫ MEFs (as seen by less MEK3 cleavage), we always observed more SDS-resistant PA heptamer formation in CMG2 Ϫ/Ϫ MEFs than in TEM8 Ϫ/Ϫ MEFs (Fig. 1B) . This is likely due to the fact that formation of an SDS-resistant heptamer associated with CMG2 requires lower pH than that associated with TEM8 (23, 25) . Therefore, the majority of PA internalized into endocytic vesicles by TEM8 may exist as the SDS-resistant heptamer, while only the small fraction of CMG2-associated PA that reaches the late endosomes formed the SDS-resistant heptamer. This is in agreement with the above differential protection from PA/FP59 treatment conferred by NH 4 Cl to CMG2 Ϫ/Ϫ MEFs and TEM8 Ϫ/Ϫ MEFs (Fig. 1 A) . Taken together, the above results demonstrate that the TMdeleted TEM8 and CMG2 are indeed null mutants that cannot function as anthrax toxin receptors. In these experiments, we included the nonbinding mutant PA-3M as a control (26) (Fig. 1B) . Following exposure to cells at 37°C, both PA and PA-3M or their proteolytic products (PA63) were detected in TEM8 Ϫ/Ϫ CMG2 Ϫ/Ϫ and other MEF cell lysates (Fig. 1B) , likely due to nonspecific pinocytotic activity of these MEFs at 37°C.
CMG2 Is the Major Receptor Mediating Lethality of Anthrax Toxin in
Vivo. To explore the roles of TEM8 and CMG2 in anthrax toxin pathogenesis, we challenged TEM8 Ϫ/Ϫ , CMG2 Ϫ/Ϫ , their heterozygous littermates, and WT mice i.p. with one dose of 100 g LT (100 g LF ϩ 100 g PA). Surprisingly, the TEM8 Ϫ/Ϫ mice were as susceptible as TEM8 ϩ/Ϫ and WT mice to LT ( Fig. 2A) with about 90% of these mice succumbing within 2 weeks. In contrast, CMG2 Ϫ/Ϫ mice were completely resistant and did not display any sign of disease in the 2 week observation period, whereas about 70% of their littermate CMG2 ϩ/Ϫ and WT mice died, mostly within 4 days of the challenge (Fig. 2B) . We also challenged the mice with 50 g ET (50 g EF ϩ 50 g PA) intravenously and showed that CMG2 Ϫ/Ϫ mice were also totally resistant while TEM8 Ϫ/Ϫ and their littermate control mice succumbed to ET within 2 days (Fig. S4 ). These results demonstrate that the lethality of anthrax toxin is mostly mediated by CMG2. We next challenged groups of CMG2 Ϫ/Ϫ mice and their littermate control mice i.p. with 2, 3, or 5 doses of 100 g of LT administered at intervals of 1 or 2 days (Fig. 2 C-E) . In these experiments, all control mice died within 3-4 days of the first injection (Fig. 2 C-E) . tively (Fig. 2 C-E) . We further generated TEM8 Ϫ/Ϫ CMG2 Ϫ/Ϫ mice by intercrossing TEM8 ϩ/Ϫ CMG2 ϩ/Ϫ mice and found these mice were completely resistant to 5 doses of 100 g LT challenge (Fig. 2E) . These results indicate that while the in vivo toxicity caused by anthrax toxin is mostly mediated by CMG2, TEM8 can still play a minor role in anthrax toxin pathogenesis in vivo. The fact that the death of the CMG2 Ϫ/Ϫ mice caused by multiple LT challenge occurred quite late (8-10 days after the first toxin injection vs. 3-4 days for TEM8 Ϫ/Ϫ and the control mice, Fig. 2 C-E) suggests that the in vivo toxicity of anthrax lethal toxin mediated by TEM8 results from cumulative damage that is qualitatively different from that mediated by CMG2.
Although real-time RT-PCR analyses revealed that TEM8 and CMG2 are ubiquitously expressed, CMG2 was shown to be expressed at a relatively higher level in the liver (Fig. S1D) . We previously showed that LT resulted in hypoxia-mediated damage in the mouse liver (15) . To determine whether the relatively higher expression of CMG2 in liver accounts for the data presented above identifying CMG2 as the major anthrax toxin receptor, we generated liver-specific CMG2 Ϫ/Ϫ mice by intercrossing CMG2 flox/flox and Alb-Cre transgenic mice (having Cre recombinase under the direction of the mouse albumin promoter). The resulting liver-specific CMG2 Ϫ/Ϫ mice (CMG2 flox/flox /Alb-Cre) (Fig. S1C ) and the WT control mice (from CMG2 ϩ/flox /Alb-Cre intercrossing) were then challenged i.p. with 2 doses of 100 g LT at days 0 and 2. Liver-specific CMG2 Ϫ/Ϫ mice showed similar sensitivity to LT challenge as the WT control mice (Fig. 2F) , demonstrating that the greater expression of CMG2 than TEM8 in liver does not contribute to CMG2's role as the major anthrax toxin receptor. To assess the role of CMG2 in an anthrax infection model, we used a previously established highly lethal dose of the nonencapsulated toxigenic B. anthracis Ames strain (A35) spores to challenge CMG2 Ϫ/Ϫ and their littermate control mice. The A35 strain relies on the production of toxin for its lethal effects as toxin-deficient mutant variants are highly attenuated, much in the manner described for the very similar Sterne strain (27) . We found that while all CMG2 ϩ/Ϫ and CMG2 ϩ/ϩ mice displayed substantial edema by 12 h after infection and succumbed by 2 days, the CMG2 Ϫ/Ϫ mice were resistant and only a single CMG2 Ϫ/Ϫ mouse (1 of 11) died at a very late time point (Fig.  2G) . In contrast to the spore resistance of the CMG2 Ϫ/Ϫ mice, the TEM8 Ϫ/Ϫ mice displayed similar sensitivity as their littermate control mice to the spore infection (Fig. 2H) . The high resistance to infection in the CMG2 Ϫ/Ϫ mice verifies the absolute requirement for the anthrax toxins in lethality caused by nonencapsulated toxigenic B. anthracis strains and further establishes the key role of CMG2 in mediating anthrax toxin lethality in vivo. These spore challenge results and the toxin challenge studies described above demonstrating the very limited role of TEM8 in anthrax toxin pathogenesis in vivo are surprising in view of the previous cell-culture based studies showing that TEM8, the first PA receptor to be discovered, functions effectively as a receptor in vitro (5, 22) .
CMG2 Has a Higher Affinity for PA than TEM8 Does. To further explore why CMG2 is the major anthrax toxin receptor in vivo, we measured the apparent functional affinities (K d ) of PA for CMG2 Ϫ/Ϫ and TEM8 Ϫ/Ϫ MEFs using competitive Schild Plot analyses (23, 28) . We determined that the apparent affinities of PA-U7 (and, by implication, WT PA) for CMG2-expressing MEFs (TEM8 Ϫ/Ϫ ) and TEM8-expressing MEFs (CMG2 Ϫ/Ϫ ) were 0.9 nM and 10.9 nM, respectively (Fig. S5) , revealing that the apparent affinity of PA for CMG2 is 11-fold higher than that for TEM8. The apparent K d of PA binding to WT MEFs was 3.0 nM (Fig. S5) , intermediate to the values for TEM8 Ϫ/Ϫ and CMG2 Ϫ/Ϫ MEFs, reflecting the fact that WT cells use both TEM8 and CMG2 as receptors. Thus, the greater importance of CMG2 as a toxin receptor in vivo is at least partially due to its higher affinity for PA.
The LT Resistance of CMG2 ؊/؊ Mice Is Not Due to the Decoy Action of the TM-Deleted CMG2. To determine whether TM-deleted CMG2 is secreted and might be acting as a decoy receptor, we collected 24 h conditioned media (CM) from WT, TEM8 Ϫ/Ϫ , and CMG2 Ϫ/Ϫ MEFs. The CM from WT, TEM8 Ϫ/Ϫ , and CMG2
Ϫ/Ϫ
MEFs could significantly shift the killing curves of WT MEFs rightward when compared to the nonconditioned medium, suggesting that these cells including WT MEFs did secret soluble isoforms of toxin receptors (Fig. 3A) . In addition, the CM from TEM8 Ϫ/Ϫ and CMG2 Ϫ/Ϫ MEFs displayed slightly more protection than that from WT MEFs (only significant when PA was lower than approximately 5 ng/mL) (Fig. 3A) , suggesting that TM-deleted CMG2 and TEM8 might be secreted but at levels too low to confer significant protection to the cells from toxin treatment. Because anthrax toxin can reach very high levels in blood during anthrax infection in animals and humans (29) , the TM-deleted TEM8 and CMG2 are unlikely to be effective as decoy receptors in this context. We next performed Western blotting using a TEM8 antibody and found that TEM8 could not be detected in cell lysates of TEM8 Ϫ/Ϫ and TEM8
MEFs but was detected in WT and CMG2 Ϫ/Ϫ cells (Fig. 3B) . Furthermore, TM-deleted TEM8 could only be detected in the conditioned media from TEM8 Ϫ/Ϫ and TEM8
MEFs but not WT and CMG2 Ϫ/Ϫ MEFs. (Anti-CMG2 specific antibody suitable for similar experiments with CMG2 was unavailable.) These results indicate that the mutated TEM8 and possibly also the mutated CMG2 are secreted as a result of their TM region deletion. Because data presented above show that TEM8 Ϫ/Ϫ mice are fully sensitive to anthrax toxin ( Fig. 2 A and  Fig. S4 ), it can be concluded that the small amounts of TMdeleted TEM8 secreted in TEM8 Ϫ/Ϫ mice are not sufficient to have a measurable effect as a decoy in our toxin challenge model.
To address whether a putative secreted TM-deleted CMG2 contributes to, or accounts for, the resistance of CMG2 Ϫ/Ϫ mice to LT, we isolated sera, liver, and kidney extracts from CMG2 Ϫ/Ϫ and the WT control mice 1 h after 100 g PA injection (i.p.) or without injection. The supernatants of these tissues homogenized in serum-free DMEM were assayed for the presence of PA and a CMG2 decoy. Extracts from the mice treated with PA could efficiently kill WT MEFs (in the presence of added FP59), with comparable potency seen in extracts from CMG2 ϩ/ϩ and CMG2 Ϫ/Ϫ mice, suggesting that the TM-deleted CMG2 in blood and tissues from CMG2 Ϫ/Ϫ mice was not sufficiently abundant to neutralize PA and is therefore unlikely to account for the LT resistance of CMG2 Ϫ/Ϫ mice (Fig. 3 C-E) .
We also evaluated the PA neutralizing activities of sera, liver, and kidney extracts from CMG2 ϩ/ϩ and CMG2 Ϫ/Ϫ mice in competition cytotoxicity assays using WT MEFs. Similar to the results obtained using MEF conditioned media shown above in Fig. 3A , the sera and tissue extracts from both CMG2 ϩ/ϩ and CMG2 Ϫ/Ϫ mice had some toxin inhibitory activity, shifting the dose-response curves rightward (Fig. 3F) . However, the sera and tissue extracts from CMG2 Ϫ/Ϫ mice did not confer more protection than those from CMG2 ϩ/ϩ mice to MEFs treated with PA/FP59, except when PA was at very low concentrations of about 5 ng/mL (Fig. 3F) .
We also performed LT dose-dependent challenges to CMG2 ϩ/ϩ and CMG2 ϩ/Ϫ mice to evaluate the inhibiting effects of a putative TM-deleted CMG2 in CMG2 ϩ/Ϫ mice, which would be predicted to equal 50% of that in CMG2 Ϫ/Ϫ mice. CMG2 ϩ/ϩ and CMG2 ϩ/Ϫ mice showed similar sensitivity to 2 doses (2ϫ) of 30 g or 50 g challenges (Fig. 2C) . CMG2 ϩ/ϩ and CMG2 ϩ/Ϫ mice were equally resistant to 2 ϫ 30-g LT challenge (only one-sixth and one-eighth died, respectively). However, both types of mice largely succumbed to a 2 ϫ 50 g LT challenge (10/10 and 8/9 died, respectively, Fig. 2C ). Since these mice differ little in response to toxin, one would conclude that the 50% equivalent of a putative CMG2 decoy receptor made by the CMG2 ϩ/Ϫ mice had no measurable impact in protecting against 2 ϫ 30 g LT. It then becomes difficult to attribute to a CMG2 decoy the complete resistance of the CMG2 Ϫ/Ϫ mice to 2 ϫ 100 g of LT, since these mice would have only twice as much decoy as the amount present in CMG2 ϩ/Ϫ mice. These data strongly argue that the high resistance of CMG2 Ϫ/Ϫ mice to LT is not due to the decoy action of a TM-deleted CMG2.
Discussion
The first step of anthrax toxin action is to gain entry into target cells through either of 2 VWA domain-containing proteins, TEM8 and CMG2. Although considerable data on these toxin receptors has been reported in recent years, questions remain as to their normal physiological roles and their relative roles as toxin receptors in vivo. To address these questions, we generated TEM8-and CMG2-null mice by deleting the TM regions for these receptors, which are essential for their anchoring on the cell surface. We confirmed that the TM-deleted TEM8 and CMG2 are null mutants and cannot function as anthrax toxin receptors. We found, interestingly, that both TEM8 Ϫ/Ϫ and CMG2 Ϫ/Ϫ mice are viable. This allowed us to further investigate the roles of these 2 receptors in anthrax toxin pathogenesis in vivo. We showed that even though TEM8 and CMG2 are both ubiquitously expressed in various tissues, only CMG2 Ϫ/Ϫ mice are resistant to LT challenge, whereas TEM8 Ϫ/Ϫ mice are as susceptible to a single dose of LT as the WT control mice. Importantly, CMG2
Ϫ/Ϫ mice are also highly resistant to nonencapsulated toxigenic B. anthracis spore infection, while TEM8 Ϫ/Ϫ mice remain sensitive. These results show that the in vivo toxicity of anthrax toxin is mostly mediated by CMG2. These data are in sharp contrast to previous in vitro studies that demonstrated the robust efficacy of TEM8 as an anthrax toxin receptor (5, 22) and show that the behavior of TEM8 in cell culture models does not recapitulate in the whole animal model.
Injection of CMG2 Ϫ/Ϫ mice with multiple doses of LT did lead to some deaths at later times whereas no deaths occurred in similarly challenged TEM8 Ϫ/Ϫ CMG2 Ϫ/Ϫ mice, demonstrating that TEM8 functions as only a minor anthrax toxin receptor in vivo. This is likely because anthrax toxin has approximately 11-fold higher affinity for CMG2 than for TEM8 as judged by Schild plot analyses using WT, TEM8 Ϫ/Ϫ , and CMG2 Ϫ/Ϫ MEFs. Through the study of TEM8 Ϫ/Ϫ and CMG2 Ϫ/Ϫ MEFs, we verified by Western blotting that the TM-deleted TEM8 is secreted into culture media, and this might also be true of TM-deleted CMG2 because the conditioned media from TEM8 Ϫ/Ϫ and CMG2 Ϫ/Ϫ MEFs provided slightly higher protection than that from WT MEFs to cells against cytotoxicity mediated by low concentrations of PA (Ͻ5 ng/mL). Through analyzing the sera and tissue extracts from CMG2 ϩ/ϩ and CMG2 Ϫ/Ϫ mice, we demonstrated that the secreted TM-deleted CMG2 could not account for the LT resistance of CMG2 Ϫ/Ϫ mice. We also performed LT dose-dependent challenges to CMG2 ϩ/ϩ and CMG2 ϩ/Ϫ mice to detect any inhibitory effects of the putative TM-deleted CMG2 in CMG2 ϩ/Ϫ mice, which is assumed to be 50% of that in CMG2 Ϫ/Ϫ mice. These experiments demonstrated that if there was any decoy action of a TM-deleted CMG2 in CMG2 ϩ/Ϫ mice, it could only neutralize the effects of Ͻ2 ϫ 20 g of LT. Based on this, the TM-deleted CMG2 in CMG2 Ϫ/Ϫ mice should not block the toxicity mediated by 2 ϫ 100 g of LT to which CMG2 Ϫ/Ϫ mice were completely resistant. Therefore, the LT resistance of CMG2 Ϫ/Ϫ mice is not due to the decoy action of a TM-deleted CMG2.
Although CMG2 Ϫ/Ϫ mice lack easily observable phenotypic changes, we did find that the female CMG2 Ϫ/Ϫ mice are infertile; the mice became pregnant but failed to support normal embryonic development. Surprisingly, similar to CMG2 Ϫ/Ϫ mice, TEM8 Ϫ/Ϫ female mice are also infertile, perhaps with similar processes being affected. Thus it appears that both TEM8 and (C-E) Cytotoxicity assays of the sera (C), liver (D), and kidney (E) extracts from CMG2 ϩ/ϩ and CMG2 Ϫ/Ϫ mice after 100 g PA injection (i.p.). The sera and the tissue extracts from CMG2 ϩ/ϩ and CMG2 Ϫ/Ϫ mice 1 h after 100 g PA injection (i.p.) were serially diluted as indicated and applied to the WT MEFs in the presence of 1 g/mL of FP59 at 37°C for 4 h. The cells were then changed into fresh medium and cultured at 37°C for 24 h before assessing cell viability using MTT. Sera and tissues extracts from mice that received no PA were tested in parallel. The sera and tissue extracts from CMG2 ϩ/ϩ and CMG2 Ϫ/Ϫ mice treated with PA showed comparable potency to WT MEFs. In no case did the small differences observed reach statistical significance (i.e., all p values were Ͼ 0.1).
(F) Competition cytotoxicity assays of the sera, liver, and kidney extracts from CMG2 ϩ/ϩ and CMG2 Ϫ/Ϫ mice. The MEFs were treated with PA (0 -500 ng/mL) and FP59 (100 ng/mL) in the presence of the sera and tissue extracts from CMG2 ϩ/ϩ and CMG2 Ϫ/Ϫ mice at 37°C for 4 h. The cells were then changed into fresh medium and cultured at 37°C for 24 h before assessing cell viability using MTT. The sera and tissue extracts from CMG2 Ϫ/Ϫ mice could not provide significantly higher protection to WT MEFs against PA ϩ FP59 treatment than those from CMG2 ϩ/ϩ mice.
